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Recent research has shown unconventional magnetic properties in nanosized gold systems. These effects have
mostly been detected in functionalized gold nanoparticles as well as in gold nanocrystalline films. We demon-
strate ferro- and superparamagnetic behaviour in assemblies of bare gold nanoclusters. This is demonstrated
by the characteristic ferromagnetic hysteresis with the temperature dependent saturation magnetization,
remanence and coercivity in aggregates of small clusters. The detected magnetization, is caused by the inter-
action between the separate clusters exhibiting an core-shell structure, and dependent on the total amount
of gold confined in the samples. The behaviour is analogous to that of transition metal clusters.
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I. INTRODUCTION
Bulk gold is well known to be diamagnetic. Recently
however there have been both experimental and the-
oretical work indicating that departure from diamag-
netism develops, while going down to nanoscale gold
systems. These effects have mostly been exhibited by
gold nanocrystalline films as well as functionalized gold
nanoparticles1. Only a few papers have been published
on the ferromagnetic behaviour of separate bare gold
nanoclusters, these do not however treat the total vol-
ume dependence of magnetic behaviour in gold2–5.
It is believed that the observed magnetic behaviour
that departures from the bulk diamagnetism is an in-
trinsic property of nanosized gold with large surface-
to-volume ratio6–9. Computer simulations also predict
size-dependent spin polarization and ferromagnetism in
bare gold nanoparticles and thin films due to the effect
of surfaces at the nanoscale and strong spin-orbit cou-
pling in gold10–13. Different available theoretical mod-
els that predict and explain the positive magnetization
and ferromagnetism in bare gold nanoparticles as well as
experimental results differ in detail. Overall they still
have a common denominator, which is the existence of
a core-shell magnetic structure with a bulk-like diamag-
netic core and a shell of differently ordered surface mag-
netic moments10–15.
Sato et al. have investigated the temperature depen-
dence of Au nanocluster magnetization as well as the im-
pact of exposure to air on their magnetization2,3. Li et al.
have investigated the intrinsic magnetic moment of 4 nm
bare face-centered cubic (fcc) Au nanoparticles4,5. Pre-
viously the size- and temperature dependent structural
transitions in gold nanoparticles have been studied16,
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but not in the connection with their magnetic proper-
ties. Further experimental studies into the behaviour of
similar systems is desirable.
Previously we have reported on the ferromagnetism in
nanocrystalline gold thin films17. In this work we con-
tribute to the controversial subject of magnetism in gold
nanostructures, by presenting experimental evidence of
ferro- and superparamagnetic behaviour in assemblies of
Au nanoclusters and complement the available data ex-
isting for thin films and individual gold clusters. It is
shown that the magnetic behaviour depends on the total
amount of gold confined in the samples.
Magnetic phenomena are very sensitive to the atomic
environment. As the cluster interactions change due to
changes in interaction range and degree, the magnetic
behaviour is also influenced. When clusters are separate
from each other (below the percolation threshold) long
range dipolar forces and short range exchange forces act.
As isolated particles evolve by agglomeration, exchange-
coupled agglomerates will be produced. The agglomer-
ates interact with each other via dipolar forces. When
the percolation threshold is exceeded the behaviour of
cluster assemblies is dominated by inter-cluster exchange
coupling18. According to Lo¨ﬄer et.al. the exchange in-
teraction at the boundaries between particles is weaker
than the intra-particle atomic exchange which further re-
inforces the image of separate but interacting clusters19.
Chudnovsky et al.20–22 have studied the magnetic be-
haviour of nanostructured ferromagnetic materials. They
have described how an increase in the inter-particle ex-
change of the cluster configurations evolves to a corre-
lated super-spin glass (CSSG) in which the magnetiza-
tion vectors of neighbouring particles are nearly aligned.
The disordered CSSG state is fragile and application of
a small field will produce a ’ferromagnet with wander-
ing axes’ (FWA). If gold clusters are ferromagnetic they
should also produce similar effects as they start to in-
teract at close proximity and overcome the percolation
2threshold. Therefore, our goal in this work was to observe
experimentally how magnetization of gold nanoagglom-
erates depends on their aggregation state that allows to
conclude on ferromagnetism in bare gold nanoclusters.
II. MATERIALS AND METHODS
In the present work bare gold nanoparticles were pro-
duced with a condensation-cell-type cluster aggregation
source (NC200, Oxford Applied Research), charged with
a gold target of 99.999% purity. The gold clusters
were deposited at room temperature directly on a tem-
plate, a lightweight homogeneous plastic straw provided
by Quantum Design as a sample holder for ultrahigh-
sensitivity measurements. The magnetic properties were
evaluated using an ultra-high-sensitive magnetometry
based on a superconducting quantum interference de-
vice, SQUID (Quantum Design MPMS-XL7), providing
a magnetic field up to 70 kOe at temperatures from 1.8
to 400 K.
Before the actual SQUID measurements of the nan-
ocluster deposited gold, the background signal caused by
the templates shape, local deformations, material defects,
and non-homogeneity was measured. This was done by
measuring the template (with no gold deposited) with
all of the experimental conditions the same as during
the actual measurements. The resulting data was then
subtracted from the actual magnetization data measured
from gold deposited in the templates. This was done in
order to verify that the presented results originate only
from the deposited gold.
Special care was taken to prevent the deposited gold
as well as the template to be exposed to parasitic mag-
netic impurities. To ensure that the effect from native
impurities in the substrate and deposited gold was neg-
ligible, the impurity level was evaluated by inductively
coupled plasma (ICP) mass spectrometry and elastic re-
coil detection analysis (ERDA), after the magnetization
measurements. With all the precautions taken the total
concentration of all trace elements in the gold as well as
the template were at a level of 10 ppm, and thereby these
impurities do not influence our results17.
The morphology of the samples was examined by high-
resolution transmission electron microscopy, HR-TEM
(JEOL JEM-2200FS) and atomic force microscopy, AFM
(Veeco AutoProbe CP-Research). For the HR-TEM mea-
surements the gold clusters were deposited on carbon ho-
ley films ∼12 nm thick (Quantifoil Micro Tools GmbH).
We assume that the morphology of the deposited gold
was not affected by the templates, as both the Quan-
tifoil carbon film and the material for the plastic straws
used in the magnetization measurements are chemically
non-reactive.
III. RESULTS AND DISCUSSION
The energy of deposited Au clusters in our case was
∼0.3 eV per atom17,23,24. This leads to the formation of
well developed branches and porous like morphology of
the resulting sample. The clusters act as building blocks,
softly landing on top of each other and undergoing mi-
nor agglomeration25. The developed morphology of our
samples, is a result of unavoidable coalescence and coars-
ening of the clusters on the template at the deposition
temperature. For example a 20 min deposition results in
a fragmentary morphology of partly interconnected gold
aggregates, whereas a 1 min deposition produces a dis-
persion of separate gold particles, see Fig. 1. Based on
FIG. 1: HR-TEM micrographs of (a) single clusters by
1 min deposition and (b) cluster-assembled aggregates
by 20 min deposition (sample C).
rigorous image analysis of HR-TEM micrographs, similar
to those presented in Fig. 1, about 7.9 ± 1.1 % of the
surface area of the 1 min deposited sample was covered
with Au clusters, with an average cross-sectional area of
26 nm2. Derived from AFM measurements the corre-
sponding cluster height is 5.1 ± 1.8 nm. As the cluster
shape is noted to be a slightly flattened sphere, the total
volume of the gold confined in the sample deposited for 1
min is estimated to be (2.5 ± 0.6)10−8 cm3. By varying
the deposition time the volume of the gold confined in
the analysed samples could be adjusted, as the deposited
volume is linearly dependent on deposition time. In this
work three different samples, with different volumes of
gold, were analysed, see Table I.
TABLE I: Summary of the samples showing the total
volume of Au confined in them and the deposition time.
sample symbol deposition time (min) volume 10−8 (cm3)
1 2.5± 0.6
A N 5 12.5± 2.9
B  10 25.0± 5.7
C • 20 49.9± 11.4
In Fig. 1 it can be seen that after 1 min deposition the
clusters are well separated. The situation will change af-
ter 5 minutes and the probability for a significant interac-
tion between two clusters is then higher but frequent co-
3alescence of clusters is not yet probable. As cluster dose
is increased cluster coalescence will also increase. This
leads to a lower surface-to-volume ratio for the samples
with a higher cluster volume, with the lowest value occur-
ring for sample C. According to AFM images there is only
a 10-fold increase in surface area for sample C, the corre-
sponding volume increase is 20-fold for the 1 min sample.
The interaction between clusters depends on remaining
boundaries and thereby also affects the interacting spins.
Magnetization measurements were performed on all
samples (Table I), but no magnetic signal could be de-
tected after 1 min deposition. Fig. 2 shows magnetiza-
tion of the deposited nanoparticle samples. The magneti-
zation is seen to exhibit characteristic ferromagnetic hys-
teresis of the samples B and C with the remanent (MR)
and saturation (MS) magnetizations only slightly chang-
ing with temperature (Fig 3). The coercivities (HC) of
samples B and C decrease as a function of temperature
due to thermal excitations as expected. For sample A
the remanent magnetization is nearly zero and the coer-
civity could not be clearly distinguished. The magneti-
zation curve does not follow a clear trend as can be seen
on the right hand side of Fig. 2. The magnetization of
sample A exhibits a typical superparamagnetic (SPM)
behaviour, i.e., typical Langevin function like behaviour
(lack of coercivity and remanence and no saturation), see
FIG. 2: Magnetization as a function of magnetic field
measured at 5 K, 100 K and 400 K.
Fig. 2 and supplementary information8. This SPM be-
haviour is not however unexpected as it is a typical be-
haviour of small non-interacting ferromagnetic element
clusters26. The experimental uncertainty in the m(H)
measurements was ∼10−2 emu/cm3. The error bars are
within the used symbols in Fig. 2, thereby the hysteresis
can unambiguously be identified at all temperatures up
to 400 K, and the expected volume dependence can be
seen. From the maximum moments at saturation the sat-
uration moments (µs) of 0.02 - 0.03 µB/atom for sample
B and v 0.02µB/atom for sample C could be extracted.
The corresponding highest magnetization value for sam-
ple A is between 0.06 and 0.08 µB/atom. These val-
ues are in accordance with values provided by theoretical
predictions10–12.
FIG. 3: Saturation, remanence and coercivity as a
function of temperature.
Magnetization temperature dependence is presented in
Fig. 4. After cooling to the terminal temperature of ∼1.8
K in zero magnetic field, magnetization was measured as
a function of temperature up to ∼400 K in applied mag-
netic fields (ZFC) of 150 and 500 Oe. After this the mea-
surements continued while the sample was cooled back
to the terminal temperature (FC). The measured mag-
netization is found to exhibit irreversibility between ZFC
and FC branches in all applied fields, see Fig. 4. As can
be seen the magnetization goes through a broad maxi-
mum spanning from cryogenic temperatures to ∼400 K,
after cooling in zero field. The temperature at which
the curves split (Tirr) corresponds to the onset of the
irreversibility. The FC behaviour of all samples differ
from the typical SPM exponential 1/T behaviour at the
measured temperature range due to high blocking tem-
peratures and CSSG at low temperatures.
Gold clusters, in case of sample A, exhibit Langevin
type of superparamagnetic core-shell behaviour up to the
dilute/percolation limit. As the cluster concentration
exceeds the percolation limit, magnetization decreases
rapidly as the size of the coalesced clusters increases.
When clusters coalescence the internal core-valence spin
interaction of isolated clusters is disturbed due to dipole
4FIG. 4: Temperature dependence of magnetization in
magnetic fields of 150 and 500 Oe.
and exchange interactions. Sample B presents a combina-
tion of ferromagnetic and Langevin types of interactions,
as part of the clusters are connected while others still re-
main isolated. In fact the maximum field magnetization
of samples A and B decreases at 400 K by about the same
amount most probably due to thermal excitations of iso-
lated super spins. Sample C, in turn, exhibits saturated
ferromagnetic response as the cluster density exceeds the
dilute/percolation limit. The ferromagnetism in the ag-
glomerated magnetic clusters originates most likely from
the correlated super spin glass (CSSG) and/or the ferro-
magnet with wandering axis (FWA) interaction mecha-
nism.
The previous statement/cause is supported by the
field cooled magnetization behaviour which shows only
weak temperature dependence at low temperatures. The
ZFC field response exhibits a blocking temperature
with widening range as a function of cluster density
(the size distribution of magnetic cluster assemblies in-
creases/widens accordingly). A smaller low temperature
peak can be distinguished for samples A and B that is
due to core shell alignment / super spin alignment. The
field cooled (FC) behaviour of sample A is related to SPM
with high blocking temperature.
IV. CONCLUSIONS
With all precautions taken regarding impurities and
background signals we present convincing evidence of
ferro- and superparamagnetism in assemblies of bare gold
nanoclusters. This is demonstrated by the character-
istic ferromagnetic hysteresis with the temperature de-
pendent saturation magnetization, remanence and coer-
civity of Au nanoaggregates (samples B and C), as well
as superparamagnetic behavior of Au nanoparticle ag-
gregate dispersions (sample A). The magnetic behaviour
changes from superparamagnetic to ferromagnetic due to
changes in the interactions between particles. Enhanced
surface-to-volume atomic ratio favours ferromagnetism in
the case of bare Au nanoparticles and in the case of the
present gold cluster agglomerates the behaviour is anal-
ogous to that of transition metal clusters18.
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